Biodiesel, the name popularly given to fatty acid alkyl esters, has become an attractive option for the replacement of petroleum diesel ('petrodiesel'). While its overall impact on the greenhouse effect continues to be debated, other qualities of biodiesel are unquestioned. Biodiesel is biodegradable, generally non-toxic and has superior lubricity to petrodiesel. Overall emissions are greatly reduced. The bulk of the feedstock for its production comes from renewable resources and when biodiesel is used as a blend (up to 20%); no changes are required for existing diesel engines. However, it is still too costly and about 60-80% of the cost for biodiesel comes from the feedstock. Concerns have been raised about the propriety of using food for fuel. Proposed alternative feedstock such as Jatropha curcas address some of these concerns but have their own disadvantages. This paper is a comprehensive review of recent progress on alternative crops for feedstock and addresses the issues that may ultimately lead to their success or failure: engine performance, yield, fatty acid profile, unique minor components, unique fatty acids, toxicity and harvestability. The use of agricultural wastes, used or waste oil and microbial fats is also discussed. The conclusion is reached that a blend of oils and used oils may be the best approach for the immediate future while genetically modified plants and microalgae may provide a longer term solution.
Introduction
In 1900, an early diesel engine was operated on peanut oil with apparently excellent results [1] . Since that time, the requirements for an alternative internal combustion engine fuel have grown increasingly more stringent. Whereas, in earlier years, it was sufficient for a fuel to merely provide enough energy and impetus to get the engine running, now the fuel must also be non-toxic, be biodegradable, come from renewable sources and minimize emissions of CO, NO x , unburned hydrocarbons and CO 2 . The entire system, from the feedstock to the use of products and by-products and waste disposal, must minimize the impact on the environment. Moreover, any alternative to petroleum-based fuels must at least be as economical and as readily available as petroleum and it must be compatible with engines and distribution systems that have been highly optimized to take petroleum. These are the challenges that face any alternative transport fuel.
Biodiesel, the name popularly given to fatty acid alkyl esters, has become an attractive option for the replacement of petroleum diesel ('petrodiesel'). While its overall impact on the greenhouse effect has been questioned [2, 3] , other desirable qualities of biodiesel are unequivocally accepted. Biodiesel is biodegradable [4] and, in fact, has been tested for the bioremediation of petroleum spills [5, 6] . Biodiesel from traditional feedstock is less toxic than petrodiesel (see, for example [7] ). It has a superior lubricity to petrodiesel and hence its addition allows the overall reduction of sulphur in the fuel to almost nil [8] . Most emissions are greatly reduced [9] . The bulk of the feedstock for its production comes from renewable resources. When biodiesel is used as a blend for petrodiesel up to 20%, no changes are required for existing diesel engines [10] . On the other hand, while raw vegetable oils have some environmental and cost advantages over biodiesel, engine modifications are required [11] . There is already considerable experience in the oleochemicals industry in biodiesel manufacture and handling and hence some countries and territories have been able to move quickly and actually require that a certain percentage of diesel fuel be from biodiesel [12, 13] .
The Need for an Alternative Feedstock
The question, of course, is: if biodiesel has so many advantages, why should its use have to be legislated for at all? The primary reason for this is cost. It was only during the very peaks of the oil spike of 2008 that biodiesel was able to approach the cost of petrodiesel. Of this cost, about 60-85% comes from the feedstock [14] .
Legitimate concerns have also been raised about the possible effect of using vegetable oils for fuel on food prices [15] . Capacity expansion may lead to a decrease in availability of land for food crops along with the overall negative effect on climate change (see, for example [2, 3] ). The enormous demand for diesel fuel dwarfs the available supply of vegetable oils. The global production of palm, soybean, rapeseed, sunflower, peanut, cottonseed, palm kernel, coconut, linseed, maize, safflower and olive oil (the top 12 vegetable oils) in 2006 was about 125 600 000 metric tonnes [16] . In contrast, the total consumption of diesel fuel by the transportation industry in the same year was about 693 000 000 metric tonnes [17] . Thus, even if all of the vegetable oils produced in the world in 2006 were converted to biodiesel, this would fill only about 18% of the total demand in the same year for the transportation industry alone. It is necessary that feedstock production be increased dramatically if biodiesel is to have any real impact on the energy problem. The issue of alternative feedstock has been reviewed recently [18] [19] [20] [21] [22] from several different viewpoints. The present paper aims to aid in the selection of alternative feedstock crops by reviewing past research and discussing key insights.
The Influence of Feedstock on Biodiesel Properties
Biodiesel has an interesting characteristic: its fuel properties depend on the feedstock. Unlike ethanol and hydrogen, biodiesel is not a pure substance but is a mixture of alkyl esters that result from the transesterification reaction between the triglyceride and an alkyl alcohol. The reaction is represented stoichiometrically as:
The most commonly used alcohol is methanol and the resulting esters are called fatty acid methyl esters (FAMEs). Since they determine the average molecular weight and reactivity of the mixture, the fuel properties of the biodiesel depend on the nature and relative quantity of the alkyl groups attached to the glycerine molecule: R 0 , R 00 and R 0 00 . This is commonly called the fatty acid profile of the triglyceride. The dependence of fuel properties on the characteristic fatty acid profile given by each feedstock has been reviewed recently [23, 24] . While the detailed structure of each fatty acid has an impact on the fuel properties, the most frequently cited parameters are the average chain length and the degree of unsaturation of the fatty acids. By extrapolation from the behaviour of pure FAMEs, a general statement may be made: that the cetane number, heat of combustion, melting point, viscosity and the oxidative stability increase as the chain length increases and decrease as the number of double bonds increase. On the other hand, lubricity decreases as the chain length increases and decreases as the number of double bonds increases [25] . In addition, Allen et al. [26] showed that the surface tension of the FAMEs increases as the chain length increases and the number of double bonds increases. Tat and Van Gerpen [27] showed that both the speed of sound and the isentropic bulk modulus increase as the chain length increases and as the number of double bonds increase. These fuel properties all interact in a complex manner to give the final observable effect on engine performance and emissions.
To measure the degree of unsaturation of the fat, the iodine value (IV) or the amount of iodine required to iodize all double bonds is commonly used. Oils with an IV greater than 120 and less than 150 are classified as semidrying. If the IV exceeds 150, the oils are classified as drying. They are called by these names because they tend to polymerize and harden when exposed to air. The IV is used for the European Standard EN14214, which sets a maximum IV of 120 mg I 2 /100 g. The EN14214 limits were set because of concerns that these fuels may polymerize and clog diesel fuel injectors [28] and that they may have a lower oxidative stability [29] . Knothe [30] pointed out that the usefulness of the IV as a measure of the degree of unsaturation of the oil, may have reached its limit and proposed other measures.
In addition to chain length and number of double bonds, branching of the hydrocarbon chains and the presence of hydroxylated fatty acids influence the fuel properties. Fuel properties may also be changed by changing the alcohol used [25] , but since this is not influenced by the feedstock, the effect of the alcohol will not be further discussed here.
While the relationships between fuel properties and molecular structure are seemingly simple, the behaviour of mixtures of FAMEs from naturally occurring vegetable oils is really far more complex. The interaction between a large number of different molecules makes the prediction of fuel properties difficult. In addition, the precise measurement of the fuel properties such as cetane number and exhaust emissions is extremely difficult and expensive since these measurements depend on a very large number of parameters and require large amounts of fuel samples. Moreover, small amounts of impurities naturally present in the vegetable oils such as tocopherols and gums have a disproportionally large effect compared with their small quantity in the oil.
The impact of different parameters on the cetane number has been thoroughly reviewed by Knothe et al. [31] , Wadumesthrige et al. [32] and Lapuerta et al. [33] . It is worth pointing out that the extremely popular equation by Krisnangkura [34] was based on data from only three vegetable oils and thus its predictions must be treated as mere rough estimates. Until a definitive study is done on cetane number correlations, it would be wise to use this study only as an indicator of relationships between the variables.
While some relationships have been obtained for the oxidative stability index, many other factors influence oxidative stability. This has been reviewed by McCormick et al. [35] and Knothe [29] . Emissions, especially the apparent increase of NO x observed in biodiesel-fuelled vehicles, have been reviewed by Lapuerta et al. [9] and Szybist et al. [36] .
A large number of equations to predict fuel properties from fatty acid profiles have been developed. Many of these equations need to be approached with caution because many of them have been developed using 'metadata': that is, data from several other studies are taken and used to develop equations and correlations. In the studies listed below, equations were derived directly from measurements made within the same study or from just one other study. While this may reduce the amount of data available for estimating the equation parameters, the internal consistency is improved.
Viscosity as a function of fatty acid profile by Allen et al. [37] and Shu et al. [38] and as a function of fatty acid profile and temperature by Krisnangkura et al. [39] . Cloud point as a function of fatty acid profile by Imahara et al. [40] and Lopes et al. [41] . Oxidative stability, IV and cold filter plugging point as functions of parameters called degree of unsaturation and long chain saturation factor (LCSF) derived from the fatty acid profile [42] . Surface tension as a function of fatty acid profile [26, 43] . Oxidation stability index as a function of IV, oxidation stability index as a function of saturated FAME content, cold flow pour point as a function of IV and cold flow pour point as a function of saturated FAME content [44] .
In addition, equations to relate properties to each other have been developed. Chuck et al. [45] propose using the refractive index, viscosity and density to predict the fatty acid profile. Demirbas [46] fits linear equations to relate higher heating value, flash point and density to each other.
Research on Alternative Feedstock
A considerable amount of research has been done on alternative feedstocks. Table 1 lists those plant species for which engine tests have been conducted. Table 2 lists those for which only physico-chemical laboratory tests have been done.
While every effort has been made to make these lists complete and the classifications accurate, the lists are almost certainly incomplete however. For the most widely studied species, only review papers and some representative studies have been included. No attempt has been made to establish priority for having been the first to study these species. Not included in these lists are those that have long been used as biodiesel feedstocks: soybean, palm, rapeseed, coconut, sunflower, peanut and cottonseed oil. The 'plant type' classifications follow those of the United States Department of Agriculture (USDA) [132] . When there is no classification available from the USDA database, the 'plant type' is derived from the cited literature.
In addition to the studies listed in Tables 1 and 2 , a number of studies have inspected the fatty acid profiles of a list of plants and arrived at a fairly long list of potential candidates for evaluation as biodiesel. These are the papers by Kalayasiri et al. [133] , Azam et al. [134] , Razon [135] and Winayanuwattikun et al. [136] . Many of the plants identified in these papers have not yet been tested as biodiesel fuel.
Some studies have converted vegetable oils to FAME but did not assess fuel properties. These were not included. In addition, data on FAME from Lesquerella as a lubricity improver have been published [104] but no tests on its use as a fuel seems to be available.
There are several themes worth discussing.
Engine Performance and Fuel Properties
Most of the fuels listed in Table 1 [49, 55, 60, 68, 137] . These are consistent with the results from traditional feedstock [28] . However, some results are inconsistent with these generalizations [53, 70, 71, 84, 87, 88, 102] . Engine and emissions testing are very complex measurements dependent on a considerable number of factors. There is more work that needs to be done to reconcile these findings. Acceptable results have also been reported for most of the plants listed in Table 2 . Exceptions include the high viscosity of biodiesels from castor oil [101] , coffee oil [111] , jojoba oil [128] , marula oil [127] and tung oil [106] . Biodiesel is commonly accepted to have worse cold-flow properties (cloud point, pour point and cold-filter plugging point) than petrodiesel but there is no standard set for these properties. However, it is worth mentioning that cold-flow properties that are close to room temperature have been reported for methyl esters from Moringa oleifera [124] and Psophocarpus tetragonolobus [109] . Poor fuel flow would be a problem with these fuels when the ambient temperature is low. Poor oxidative stability as determined by the Rancimat method has also been reported for biodiesel from marula oil [127] and tung oil [106] .
Yield Table 3 shows yields that may be found in the literature for some alternative crops as compared with some traditional crops. The figures listed here must be treated as mere rough estimates because yield data are very inconsistent, depend on many factors and the information in Table 3 is culled from many sources. For example, the data from FAOSTAT [140] suggests a yield of 400 kg oil per hectare while Butts [150] uses a figure of 1138 kg/ha. Since peanut is one of the most widely grown plants in the world, the FAOSTAT data reflects a wide variety of [150] reflects optimistic, potential yields. It is likely that the estimates for some of the newer crops such as Calophyllum inophyllum are optimistic: there being relatively little experience with largescale cultivation. The experience with Jatropha curcas has been mixed. While the plant is indeed capable of growing in poor conditions, yields are much lower than initially forecast [151] . A thorough discussion on the difficulties of estimating the yield of J. curcas has been done by Achten et al. [76] .
Nonetheless, there is some insight that may be gleaned from Table 3 . Palm oil will likely remain the highest yielding crop in the near future, notwithstanding the high estimate for C. inophyllum and Cyperus esculentus. If arable lands are to be used for capacity expansion, then it makes more sense to use palm oil. In the temperate zone, Brassica carinata and Eruca sativa seem to offer the best yields. If new crops are to be adopted, they must possess other advantages such as: (1) an ability to grow in inhospitable locations, as is the case for Kosteletzkya virginica or J. curcas, but it must be accepted that the yield in these locales will be lower; (2) being a significant byproduct or waste product of a more important crop such as coffee beans, rubber or tobacco seed; (3) offering a unique fatty acid profile such as that of castor or (4) offering significant advantages in machine harvestability such as that for B. carinata and (5) offer multiple products such as M. oleifera. The large trees or any crop that will require either large human inputs or a long period before maturity must be able to give one or more of these other features otherwise it would not make sense to divert from the traditional crops.
Free Fatty Acids (FFA) and Other Impurities FFA (or fatty acids have been unbound from the original triglyceride) occur in vegetable oils either because of poor storage and contact with water or because of the presence of enzymes that rapidly cleave the fatty acids from the glycerol backbone. A good example is rice bran oil [93] , which would be actually a nutritionally desirable oil if not for its very high content of FFA caused by naturally occurring lipases. When a homogeneous alkali catalyst is used, Van Gerpen [152] recommends that the maximum FFA content of the feed oil to be 5%. Otherwise, soaps will form, making separation of the glycerine difficult. An additional step to remove the FFA or to convert them via an esterification step is necessary. Among the oils listed in Tables 1 and 2 , samples of the following have been reported in previous studies to have FFA greater than 5%: Aleurites (Vernicia) fordii, C. inophyllum, Hevea brasiliensis, J. curcas, Madhuca indica, Simmondsia chinensis, Zanthoxylum bungeanum, defective coffee beans, Pongamia pinnata and Nicotiana tabacum. For some of these, it is not clear whether the FFA came from poor handling or were an inherent characteristic of the oil. As expressed or extracted from the oil source, vegetable oils will usually contain impurities such as unsaponifiable matter. Two studies [153, 154] have shown that small amounts ( < 3%) of unsaponifiable matter do not have a significant influence on the cloud point. The cloud point depends more on the residual monoglycerides and diglycerides that result from the incomplete conversion of the triglycerides to esters. On the other hand, a content of 24% unsaponifiable material was blamed for high viscosities found from coffee bean oil [111] . No other studies cite the effect of unsaponifiable matter. It would be of interest to find out the precise level when unsaponifiable matter starts having an effect.
Our own study on the methyl esters of the oil from the seed of P. tetragonolobus and the pulp of Canarium ovatum showed significant differences in the colour of the crude biodiesel and glycerine produced [109] . The colour of the glycerine and biodiesel are important in that there is an additional cost for decolourizing the finished product. Many of the plants in Tables 1 and 2 contain other minor components, such as natural preservatives, medicinal or toxic components, that may have either beneficial or detrimental effects on the overall viability of the feedstock.
Toxicity
Of the entries in Table 1 , J. curcas has, by far, received the most attention both in the popular and scientific literature. Indeed, some of its qualities do make Jatropha very attractive. It can grow in poor and degraded soils. It grows quickly and gives a fairly high oil yield. However, there are well-justified concerns about the toxicity of Jatropha. Makkar et al. [81] discusses the presence and detection of phorbol esters in Jatropha biodiesel and by-products. While their own biodiesel and glycerin samples did not show any traces of phorbolesters, samples taken from a few industrial firms showed the presence of phorbolesters. Detoxification of the biodiesel, any by-products and processing waste will add more costs to the biodiesel. Seed processing facilities must also be separate from those that process edible seed oils lest there be any crosscontamination.
Of the entries in Tables 1 and 2 , the following are known to have toxic or anti-nutritive principles: Ricinus communis, Cerbera manghas, the seedcake of M. indica [155] , the seedcake of P. pinnata [156, 157] , Thevetia peruviana, Balanites aegyptiaca, C. inophyllum, Orbignya speciosa, V. fordii, Sapium sebiferum, Sterculia foetida and Melia azederach. The presence of toxic or anti-nutritive factors in these species does not automatically mean that they cannot be used. The situation is similar to the necessary removal of gossypol from cottonseed. The development of a detoxification step from all product and waste streams will be a necessary step prior to commercialization.
Agricultural Wastes
Noteworthy are the studies on the following plants: H. brasiliensis (rubber seeds), N. tabacum (tobacco seeds), C. ovatum (pili pulp), Michelia champaca (seeds, whereas the flower is more valued), Raphanus sativus (radish seeds), Coffea spp. (coffee grounds and defective beans), Olea europaea (olive pomace) and Cucurbita pepo (watermelon seeds). In these studies, the waste products from the production of a more valuable product are used for the production of biodiesel. While the volumes may be small compared with overall diesel demand, utilization of these wastes for fuel would mean the elimination of a waste stream and gives the producer an opportunity to reduce costs.
Related to these are the studies on 'tall oil', a waste oil by-product from the manufacture of paper pulp [158] and animal fats [159] [160] [161] [162] .
Unusual Lipids and Fatty Acids
Some of the feedstocks in Tables 1-3 contain unique fatty acids that give them special properties. Castor oil contains ricinoleic acid, which gives the FAME from castor oil exceptionally high lubricity. This gives castor oil a highvalue niche as a lubricity improver [104] but this same fatty acid gives the castor oil FAME a very high viscosity [101] .
The presence of eleostearic or conjugated linolenic acid in tung oil significantly reduces its oxidative stability and increases its viscosity [106] . Jojoba oil is unique in that it does not contain triglycerides but instead contains longchain esters formed by long chain fatty acids attached directly to fatty alcohols. The presence of the 20-and 22-carbon esters leads to a very high viscosity in the biodiesel from jojoba oil [128] . The oil of S. foetida is known to contain 72% of sterculic acid, a 19-carbon cyclopropenyl fatty acid, which has been said to undergo explosive polymerization when heated to 240 C [163, 164] . However, the reference listed in Table 1 [62] does not mention sterculic acid and the material was used safely in an engine. This matter must be investigated further as several other oils contain sterculic acid.
High IV
Of particular interest are the oils that exceed the IV specified by EN14214 (maximum 120 mg I 2 /100 g). Soybean, of course, has IVs that exceed the limits set by EN14214 and there is considerable experience with the use of soybean oil in many engines. There does not seem to be a significant number of complaints about injector clogging. Many other extended engine tests with the high IV vegetable oils such as linseed oil [84] and Camelina sativa oil [50] have not shown any problems.
On the other hand, the relationship between IV and other fuel properties seems to be clearer. Xin et al. [52] also found that safflower oil methyl esters that had an IV of 141 had an induction period of only 0.86 h. The induction period was lengthened by the addition of antioxidants and the authors concluded that the Rancimat method is an unreliable means of predicting long-term stability. Moser et al. [24] investigated the behaviour of partially hydrogenated soybean methyl esters and found that the oxidative stability was improved although this was accompanied by higher viscosity, worse cold flow behaviour and higher cost. Peterson et al. [137] showed that higher NO x emissions are associated with higher IV. So, while the relationship between engine clogging and IV is unclear, there are other negative effects that are associated with a high IV.
The following plants in Tables 1 and 2 have been reported to have IVs above the EN14214 standard: B. carinata, C. sativa, Carthamus tinctorius, E. sativa, N. tabacum, Hura crepitans, Telfairia occidentalis, V. fordii and Melia azaderach. In addition, the large quantity of unsaturated fatty acids in K. virginica suggests that the oil from this plant probably exceeds the standard.
Feedstocks Other Than Agricultural Crops
Although the intent of the present paper is to review present progress on terrestrial plants, it worthwhile to http://www.cabi.org/cabreviews comment on other potential sources of biodiesel feedstock.
Used Oils and Other Waste Fats
It is actually difficult nowadays to avoid reports in the popular media about vehicles being operated with biodiesel from used cooking oil. Indeed, it is an idea that makes sense. Used cooking oil is much less expensive than virgin oil and utilization of the waste oil would mitigate a waste stream [165] .
Zhang et al. [166, 167] showed that the biodiesel process utilizing waste cooking oils had a better rate of return than a process which used virgin oil, although all of the processes in their papers had negative rates of return. What kept the waste cooking oil process from being more profitable was a higher capital cost. More capital is needed because waste cooking oil usually comes with a high content of FFA and thus requires an additional acid pre-treatment process to convert the FFA to esters.
Waste cooking oils are expected to have more impurities and would not have the protection of any naturally occurring antioxidants. However, a long-term study by Bouaid et al. [168] did not show any significant difference in the behaviour of virgin sunflower, B. carinata and used frying oils, however. Waste oils are expected to be more variable in composition and thus a plant operating with waste cooking oils would require more frequent process adjustments in order to meet quality standards.
Nonetheless, the challenges for the full utilization of waste cooking oil seem to be purely logistical, operational and economic. Given the right external conditions, the use of waste cooking oils should be easy to achieve.
Phototrophic Microalgae and Other Microbial Oils
Microalgae as a feedstock for biodiesel has been reviewed extensively [169] [170] [171] [172] . Cultivation of microalgae as biodiesel feedstock has been the subject of at least two very well-funded government programmes in the USA [173] and Japan [174] . Schenk et al. [171] succinctly summarized the potential advantages of microalgal biofuel systems:
[They]
(1) Have a higher photon conversion efficiency (as evidenced by increased biomass yields per hectare); (2) Can be harvested batch-wise nearly all-year-round, providing a reliable and continuous supply of oil; (3) Can utilize salt and waste water streams, thereby greatly reducing freshwater use; (4) Can couple CO2-neutral fuel production with CO2 sequestration.
However, in spite of these advantages, the technical challenges are great. The oil yield, purity and fatty acid profile are greatly affected by the growing conditions. Huntley and Redalje [174] point out that the oils species with the highest oil content (e.g. Botryococchus braunii) grow most slowly. Nutrient deprivation results in a higher oil content but also a slower growth rate [174] . Other factors that must be considered are light intensity, pH and salinity and the fact that the presence of certain bacteria apparently has an effect on the yield [175] . There have been two common choices in the largescale production of microalgae: the open ('raceway') pond and the photobioreactor. The raceway pond is a closedloop pond with a paddlewheel on one end to provide circulation. It has the advantage of being low-maintenance and of low energy cost. However, it is vulnerable to 'invasion' by other species; hence it is difficult to maintain a single-species culture within it. The closed photobioreactor is easier to control but has the disadvantage of being more expensive and more difficult to operate however [169] .
Downstream processing is one of the key issues in microalgal culture since the cost could easily exceed the cost for the algal production itself [176] . The transesterification reaction is inhibited by water [177] and hence a complete dehydration of the oils is necessary. Often, the cell has to be disrupted in order to retrieve the metabolite and hence this requires yet another energyconsuming unit operation [176] . Finally, a solvent extraction step is often used to retrieve the oils from the biomass cake. This usually involves the use of flammable solvents, which may themselves be pollutants [169] .
Many microalgal fats contain large amounts of highly unsaturated fats, which raise concerns about stability and engine clogging that were discussed earlier. This has led some to recommend that highly unsaturated fats be hydrogenated [169] or distilled [160] . Hydrogenation or distillation would add another resource-using and pollution-generating process step [24] . In particular, the hydrogenation step necessitates the generation of hydrogen, whose present source is fossil fuels. Hydrogen production is also very energy intensive.
In spite of these challenges, it does seem that when one considers the enormous demand for diesel, microalgae may be a fertile area for research and development.
Other new sources of oils that have been proposed are heterotrophic microalgae [178] , macroalgae [179, 180] , yeasts [181] , bacteria [182] , fungi [183] and even wastewater treatment plant micro-organisms [184] . Meng et al. [185] have reviewed lipid production from oleaginous microalgae, bacteria, fungi and yeasts in general. These systems for producing lipids are even earlier in the development stage. Many of them require fuel and energy inputs and thus it is yet unclear if any real net energy benefit can be accrued from them.
Summary and Conclusions
A considerable amount of research has been done on alternative crops for biodiesel feedstock. In this review, http://www.cabi.org/cabreviews 46 different species have been listed, which have been tested as biodiesel fuel. Of these, most have been found to be acceptable but some can already be eliminated. Whether acceptable as biodiesel or not, these studies on alternative feedstock have provided valuable insights into the relationship between fuel properties and feedstock.
Is there a fuel that will fill all of the requirements for an alternative transport fuel? Perhaps, in the long-term, electric vehicles that ultimately draw their energy from solar, wind and geothermal sources may be the answer but in the interim, until existing vehicles can be replaced, a liquid fuel is necessary. Biodiesel may provide just such an interim solution. However, no feedstock seems to exist that fulfils all requirements.
It is becoming apparent that there may be an optimal fatty acid profile that provides optimal fuel properties while minimizing environmental risks and other negative effects. Knothe [186] suggests that a mixture consisting primarily of methyl oleates and a mixture of shorter chain esters derived from palmitoleic acid and esters derived from decanoic acid might be an ideal mixture. To achieve these desirable qualities, the use of transgenic crops has been suggested [21, 187, 188] . The introduction of transgenic crops, however, is a delicate political issue and hence this might not be an immediately available solution for many countries. Chemical modification through hydrogenation or even cracking might be necessary but this comes with additional cost. What seems to be more likely to have an early success is the use of blends of various vegetable oils. This has been proposed and tested [44, 189] .
With this approach, the least expensive oils can be used as 'bulk', whose main function is to be burned and provide energy and other oils can be blended in as 'additives' to ensure better engine compatibility and less environmental impact.
Creation of optimal blends would be greatly facilitated if reliable correlations are available for all fuel properties. The possibility here is that if cost information is coupled with reliable correlations for the prediction of fuel properties then specific biodiesel formulations can be 'tailored' depending on the availability of the raw materials and the needs of a specific market. For example, the optimal blend of oils for a tropical country would likely not require cold flow properties as stringent as those that are required for colder climates. This type of formulation optimization is already done for petroleum and food products.
Because of the concerns about land use for energy crops, yields must increase considerably if widespread use of biofuels is to be achieved. Gunstone [190] has stated that a yield of 20 metric tonnes/ha may be achievable for palm oil and hence, traditional crops may yet be able to supply demand. Cultivation of energy crops on waste, desertified or degraded land may also address these land use concerns but yields may never be comparable to crops grown on fertile agricultural land. Nonetheless, used oils and agricultural wastes may provide opportunities for larger scale replacement within limited geographies. In this case, the fact that biodiesel requires no changes in existing engines up to a 20% blend becomes an important advantage. Such partial replacement is not possible for alternative fuels such as hydrogen, which require new engines and large changes in infrastructure.
Assessment of alternatives must be done on a 'lifecycle' basis to assess overall impact. This has been done for several traditional feedstocks (e.g. [191] [192] [193] [194] [195] [196] ) and jatropha [197, 198] but not yet for other alternative crops.
With the extremely large diversity of plants in the world, it is quite likely that plants that will play important roles as either 'bulk' or 'modifier' ingredients will be found. The search for new alternative crops must continue.
